To determine what degree of intracellular cAMP elevaout most cells, including dendrites, soma, axons, and growth cones ( Figure 1E ). This increase was only observtion was necessary to enhance the responsiveness of the RGCs to BDNF, we measured the survival of P8 able by immunostaining when cyclic nucleotide phosphodiesterases, which degrade cAMP, were inhibited RGCs cultured in the same concentrations of forskolin. After 3 days of culture in serum-free medium containing with isobutylmethylxanthine (IBMX; 0.1 mM). We previously reported that depolarization mimicked the ability a plateau concentration of BDNF (50 ng) and various concentrations of forskolin, we assessed RGC survival of cAMP elevation to enhance BDNF-promoted survival (Meyer-Franke et al., 1995). Depolarization significantly by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (see Experimental Proincreased intracellular levels of cAMP by nearly 3-fold, even in the absence of IBMX, as measured by RIA ( Figure  cedures) . As previously described, BDNF alone is insufficient to significantly promote RGC survival unless com-2C). This degree of elevation was thus of a sufficient degree to significantly enhance BDNF responsiveness, bined with forskolin ( Figure 2B ). Responsiveness to BDNF was half maximal at a forskolin concentration as shown in Figure 2B . RGCs in vivo normally express the type 1 adenylyl of about 0.3 M ( Figure 2B ) and had plateaued by a concentration of 3 M. A comparison of Figures 2A and cyclase (Xia et al., 1991) , whose activity is strongly stimulated by calcium, raising the possibility that depolariza-2B shows that it is only necessary to increase intracellular levels of cAMP slightly, to about twice their basal tion increases cAMP levels in the RGCs by stimulating calcium influx. To test this possibility, we examined the level, in order to strongly enhance their responsiveness to BDNF. effects of extracellular calcium on the ability of depolarization to increase intracellular cAMP in the RGCs in In previous experiments, we found that the effects of forskolin in enhancing BDNF responsiveness were culture. Eliminating calcium from the extracellular medium abolished both the increase in cAMP immunoreacmimicked by depolarization (Meyer-Franke et al., 1995). As protein kinase A inhibition blocked this effect of detivity in response to depolarization ( Figure 1F ) and the increase in cAMP levels measured by RIA ( Figure 2C ). polarization, it seemed likely that depolarization was retinas to their peptide trophic factors. To address this issue, it was necessary to find a way to measure the responsiveness of RGCs, which constitute only 0.5% of total retinal cells, to peptide trophic factors in intact retinas. Previously, we showed that the trophic responsiveness of RGCs in vitro can be assessed by their ability to activate and translocate MAP kinase from their cytoplasm into their nucleus (Meyer-Franke et al., 1998). Translocation of MAP kinase into the nucleus of the majority of RGCs was elicited by peptide trophic factor stimulation only when their cAMP levels were elevated. Thus, we next determined the ability of peptide trophic factor stimulation to induce MAP kinase translocation into the nuclei of RGCs in intact P8 retinas under various conditions. On P7, RGCs were retrogradely labeled with fluorogold (see Experimental Procedures). On P8, retinas were obtained by dissection and incubated for 3 hr either with control medium, in medium containing BDNF (50 ng/ml) and CNTF (10 ng/ml), or in medium containing BDNF, CNTF, and the specific adenylyl cyclase inhibitor SQ22536 (1 mM; Fabbri et al., 1991). We used BDNF and CNTF together, because this combination produces a larger effect on MAP kinase translocation than either trophic factor alone (Meyer-Franke et al., 1998). Retinas were then fixed and cryosectioned, and the sections were labeled with an anti-MAP kinase antibody (see Experimental Procedures). The percentage of RGCs, as identified by fluorogold labeling, that had nuclear MAP kinase was determined for each experimental condition. The nuclei were identified by labeling using the nuclear counterstain bisbenzamide.
In control retinas, most RGCs lack MAP kinase staining in their nuclei. Only about 22% of RGCs had discernible nuclear MAP kinase ( Figures 3A-3C and 4A) , whereas in retinas treated with BDNF together with CNTF, about 52% of RGCs had nuclear reactivity ( Figure  4A ). Elevating cAMP levels using the cell membranepermeable analog of cAMP, chlorphenylthio-cAMP (CPT- medium, providing evidence that its inhibition of MAP kinase translocation was mediated by adenylyl cyclase In addition, the calcium channel agonist BayK8644 (10 inhibition, as expected ( Figure 4A ). M; Docherty and Brown, 1986) mimicked the effect of RGCs in developing retinas are highly electrically acelevated extracellular K ϩ on cAMP immunoreactivity tive in the absence of visual input (Maffei and Galliand BDNF responsiveness; these effects were blocked Resta, 1990; Meister et al., 1991; Feller et al., 1996) . by the calcium channel antagonist nifedipine and were Therefore, we examined whether the electrical activity not mimicked by its enantiomer, R-BayK8644 (data not in intact retinas was sufficient to regulate the responshown). Thus, the ability of depolarization to elevate siveness of the RGCs to peptide trophic factors. As cAMP depends on extracellular calcium. described above, P8 retinas were obtained by dissection and incubated for 3 hr either with control medium, in medium containing BDNF and CNTF, or in medium Effects of Adenylyl Cyclase and Electrical Activity on RGC Responsiveness in Intact Retinas containing BDNF, CNTF, and blockers of electrical activity. These blockers included a combination of tetrodoThe above findings raised the question of whether cAMP also regulates the responsiveness of RGCs in intact toxin (TTX; 10 M), which blocks action potentials in the 
label (see Experimental Procedures). Because the fluorogold is transferred to miEffects of cAMP Elevation and Peptide Trophic Factors on RGC Survival after Axotomy
croglia that phagocytose the apoptosing RGCs after axotomy, it was crucial to stain the retinal whole mounts To determine whether the same signals that promote the survival of purified RGCs in vitro will also promote with the microglia marker Bandeiraea Simplicifolia Lectin 1 (BSL-I) conjugated to TRITC. In this way, microglial RGC survival in vivo, we tested whether these signals will promote RGC survival after axotomy. First, we develcells that engulfed the fluorogold were not inadvertently included in the counts of surviving RGCs. Most cells oped conditions that would be sufficient to elevate cAMP levels in RGCs in intact retinas. P8 retinas were survived for 16 hr after axotomy, but by 36 hr, death was largely complete ( Figure 6A ). incubated in a solution containing forskolin (10 M) for 1 hr and were then fixed, sectioned, and stained with We next asked whether intravitreal injection with peptide trophic factors or pharmacological agents that elethe cAMP-specific antiserum. Surprisingly, although forskolin alone was sufficient to markedly elevate cAMP vate cAMP could prevent the death of RGCs after axotomy (see Experimental Proecedures). We performed levels in RGCs in culture, it did not increase cAMP immunoreactivity in RGCs in the intact retinas (Figures 5A the axotomies on P8, at the same time as the intravitreal injections, and then determined RGC survival after 3 and 5B). It did, however, markedly increase the cAMP immunoreactivity in a subset of amacrine cells (Figures days by counting, as described above, the density of were saved. Thus, the same signals that promote RGC survival in vitro also significantly enhance RGC survival in vivo after axotomy.
Effects of Axotomy on RGC Responsiveness to Peptide Trophic Factors
The ability of cAMP elevation to enhance the ability of trophic factors to save RGCs after an axotomy, though it did not significantly promote survival on its own, strongly suggests that axotomy may impair the responsiveness of RGCs to peptide trophic factors. To test this possibility more directly, we examined the ability of peptide stimulation and cAMP elevation to induce MAP kinase translocation into RGC nuclei in intact retinas at varying times after axotomy. P8 optic nerves were axotomized, and after 12 hr, a time when Ͼ90% of RGCs are still alive, the retinas were dissected out and incubated for 3 hr in medium containing peptides alone or in combination with cAMP elevators. As shown in Figure  4C , in contrast to control retinas that had not been axotomized ( Figure 4B ), peptide trophic factors were no longer able to significantly increase MAP kinase translocation unless they were paired with cAMP elevators. These findings demonstrate that axotomized RGCs have significantly impaired responsiveness to peptide trophic factors and that their responsiveness can be restored, as it can in culture, by elevation of their intracellular levels of cAMP. A simple potential explanation for the loss of responsiveness after axotomy is that the injured RGCs become less electrically active. If so, enhancement of electrical activity should be able to promote the ability of RGCs to respond to and survive with trophic factor application. Consistent with this possibility, the calcium channel agonist BayK8644 mimicked the ability of CPT-cAMP to promote survival of axotomized RGCs when combined with trophic factors ( Figure 6B ). BayK8644 treatment by itself did not save axotomized RGCs, nor did its enantiomer R-BayK8644, either by itself or combined with 6B, 7A, and 7B) . CombinaTo test this, we perfusion fixed P8 rats and analyzed tions of several trophic factors, such as BDNF, CNTF, their retinas by MAP kinase immunostaining. We found and IGF-1, significantly enhanced RGC survival. The that 19% Ϯ 2% (mean Ϯ SEM, n ϭ 4) of fluorogoldbest survival, however, was achieved by coinjection of identified RGCs had nuclear MAP kinase immunoreacseveral trophic factors with drugs that elevated cAMP tivity. Furthermore, we found that after axotomy, intralevels ( Figures 6B and 7C) . Under these conditions, we ocular injection of PD98059 blocked the ability of trophic were able to save on average about 43% of RGCs from dying. In some experiments, as many as 60% of RGCs factors and CPT-cAMP to save RGCs ( Figure 6B ). 
They Lose Trophic Responsiveness and They

ized, trophic factor, and CPT-cAMP injected rats in (C). Most of the
Lose Trophic Stimulation fluorogold labeling in (B) is within microglial cells (white arrows) but
The present results provide two lines of evidence that is in RGCs in (C) (white arrows siveness. Thus, we hypothesize that physiological levels of activity, cAMP, and axotomy regulate the trophic reis only able to save about 65% of axotomized RGCs from dying (Cenni et al., 1996) . Nonetheless, taken tosponsiveness of RGCs in intact retinas by regulating their surface levels of trophic receptors. Unfortunately, gether, the loss of trophic responsiveness after axotomy, the ability of cAMP to restore it, and the ability of this hypothesis is presently difficult to test, because RGCs constitute only 0.5% of total retinal cells, and trophic factors with cAMP to save axotomized RGCs indicate that RGCs die after axotomy for at least two other retinal cell types also express TrkB. We have been thus far thwarted in our attempts to selectively stain reasons: they are deprived of trophic stimulation, and they lose trophic responsiveness. the surfaces of RGCs in intact retinas. We have found, however, that 12 hr after axotomy, nearly all RGCs still Although we have so far focused on developing, postnatal RGCs, we anticipate that our findings will be releexhibit bright intracellular immunoreactivity for TrkB (data not shown), as they do in vitro in the absence vant to understanding why adult RGCs die after axotomy. veins were visualized, and any animals that lacked intraretinal vessel pulsations or whose retinas showed signs of ischemic damage were For immunostaining of cryosections, retinas were fixed with acrolein for 1 hr at room temperature, incubated in 30% sucrose until equilidiscarded. At least four to five rats that had good ocular fundus blood circulation were used for each experimental group. brated, embedded with OCT compound, and cryosectioned at 8 M.
The cells or retinal cryosections were washed in a quenching solution containing 1 mg/ml glycine for 30 min followed by 1% 
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